In this paper, a multi-layered composite inspired by the hierarchical structure of nacre and made of layers of aluminium alloy AA 7075 bonded with toughened epoxy resin is introduced for blast resistant applications. The performance of the proposed nacre-like 3.3-mm and 5.4-mm thick composite plates, made of 1.1-mm thick AA 7075 layers, under localised impulsive loading was numerically studied. The epoxy material was modelled using user-defined interface cohesive elements that properly take into account both strength and toughness enhancements under compression. As compared to bulk plates, the improvement in blast resistance performance was numerically observed in the nacre-like plates, which required larger loads to reach the onset of failure. In addition, a reduction of the peak velocity and maximum deflection of the back face was observed for the nacre-like plates. This improvement is explained by the hierarchical structure facilitating a globalized energy absorption by inter-layer interlocking, delamination and friction.
INTRODUCTION
The design of lightweight materials with energy-absorbing characteristics for blast and impact applications presents a challenge for innovative engineering to address the competing constraints of light weight on one hand, and impact and shock mitigation on the other hand [1, 2] . In this respect, nature is a source of inspiration for design of novel materials and structures that have both of the above characteristics [3, 4] . Highperformance lightweight materials such as wood, bone and abalone shells, made of relatively weak and mundane constituents, are the result of evolutionary developments [5] [6] [7] [8] . These natural materials deform via several energy-absorbing mechanisms resulting a remarkable combination of stiffness, strength and toughness [9] . Nacre, the iridescent material found in mollusk shells, is a biological material that exhibits outstanding mechanical properties due to its complex hierarchical structure organized over several length scales [9, 10] . Around 95% of nacre is made of aragonite tablets (a brittle mineral), which are surrounded by a soft organic biopolymer that "glues" them together [11] . Remarkably, nacre exhibits a toughness of about 3000 times higher than that of aragonite [12] . This outstanding performance is attributed to the brick arrangement of the structure, the waviness of the tablets and the multiple interfaces between tablets and layers [5, [13] [14] [15] .
The behaviour and mechanical properties of nacre have been extensively studied [11, 13, 16] ; however, the performance of nacre-like engineering composites at the macroscale (millimetre-size) has only been scarcely explored [9, 12, 14, 17, 18] . Some recent work have shown the strong potential of nacre-like structures with respect to performance in sustaining blast and impact loading when compared to traditional laminated composite plates or bulk plates. Tran et al. [19] showed that a bioinspired composite square plate based on the nacre structure could be used to improve the blast performance of glass fibre/vinylester resin composites subjected to underwater impulsive loading. They found that the bioinspired composite structure helps to relieve the stress concentration by spreading out the induced damages over a larger area. They achieved this by introducing layer waviness to one of the in-plane directions with a triangular wave function [19] . Knipprath et al. [17] showed that the ballistic performance of boron carbide layered plates can be improved by using a simplified nacre-like structural design, which delocalised the impact damage. Their numerical model took into account layer waviness in both in-plane directions and used a triangular wave function [17] . Our recent numerical investigation has also showed that the impact response of aluminium alloy layered plates can be improved by using a nacre-like design, which took into account layer waviness in both inplane directions using a sinusoidal function [18] . We demonstrated that the nacre-like design induced a more diffused and globalised damage when compared to monolithic plates.
Based on previous work on bioinspired nacrelike composites, we present numerical analyses to gain a better understanding of the mechanical behaviour of nacre-like aluminium composites with waviness similar to that of the natural nacre material under blast loading. The waviness is taken into account by using a sinusoidal function in both in-plane directions. Nacre-like plates made of 1.1-mm thick aluminium alloy (AA) 7075 layers glued with toughened epoxy resin are subjected to localised impulsive loading. The epoxy material was modelled using a user-defined cohesive element taking into account the increase in both strength and toughness when the debonding occurs under transverse interface compression, together with frictional effects after full debonding. Nacrelike composite plates with thicknesses of 3.3 mm and 5.4 mm were modelled and their blast performance was compared with that of bulk plates of the same thickness. The finite-element model is described in Section 2. Numerical results are presented and discussed in Section 3 followed by conclusions.
FINITE ELEMENT MODELLING OF BLAST LOADING OF NACRE-LIKE PLATES

Problem description
To investigate the blast behaviour of nacre-like composite plates made of AA7075 layers, multilayered targets consisting of 3 and 5 layers, inspired by the structure of nacre, were made from alternate layers of 1.2-mm and 0.9-mm thickness, glued with toughened epoxy resin (Fig. 1) . The geometry of the plates was 200 mm × 200 mm with total thickness of 3.3-and 5.4-mm, for nacrelike plates consisting of 3 and 5 layers, respectively. The waviness of the layers, resembling in the natural nacre material [13] , was generated using a sinusoidal function with a wavelength of 20 mm and amplitude of 0.1 mm ( Fig. 1(c) ). In the natural nacre material, each layer is made of several individual tablets; however, we employ continuous layers in this work since our preliminary analyses showed that discontinuous layers made with tablets were not suitable for resisting localised blast loading. The solid geometry of the model was generated using the computer-aided design software SolidWorks 2012 (Dassault Systemes, SolidWorks Corp., France) and then imported into Abaqus/Explicit (Version 6.11) [20] for pre-and post-processing. The bioinspired composite plates are designed ensuring the preservation of mass when compared to the bulk plates of same thickness. In the simulation, the plates were fully clamped at all of the edge boundaries. 
Materials models
To model the constitutive behaviour of the aluminium layers, the Johnson-Cook material model [21] was used together with the JohnsonCook fracture criterion [22] . For the cohesive interface between layers, a user-defined cohesive element with compression-enhanced traction separation law [23] was used. Since these material models have been fully described in previous publications [18, [23] [24] [25] , we therefore refer the reader to these papers for full details.
Aluminium alloy 7075-T651 was used for the layers. The parameters for this material were taken from [26] [27] [28] and are shown in Table 1 . To model the interface between layers, toughened epoxy adhesive Betamate 1044 was used ( Table 2 ). The parameters in Table 2 for properties of the epoxy resin are identical to those required for standard cohesive elements (COH3D8) in Abaqus (i.e. stiffness, strength, and fracture energies) [20] and were obtained from Wang et al. [29] . There are also additional parameters in Table 2 used in the user-defined cohesive element, explained in detail in our previous papers [18, 23] . They are elastic modulii E and G, tensile strength t n and shear strength t s , and fracture energies G Ic and G IIc . The cohesive interface stiffnesses and in this case are E/t i and G/t i , respectively, with interface thickness t i equal to 0.05mm in this study. In addition, the model requires the compressive shear stiffness of the fully debonded interface, which is taken to be two to three orders of magnitude less than the initial shear stiffness (in this case is equal to 2G 1 /1000/t i ), and the coefficient of friction µ, which is assigned the common value of 0.2 [23] .
Blast loading conditions
To simulate the blast load, a localised impulsive loading that approximates the pressure distribution generated by an explosive disc located at the centre of the plate at a close-range distance is employed as shown in Fig. 2 [30, 31] . The time-dependent non-uniform impulsive load was applied using the following function [32, 33] :
where r is the radial distance from the centre of the plate, t is the time, is the peak pressure, k is the exponential decay constant, is the radius of the explosive disc, < L/2 is a radial distance from the centre of the plate, L is the length of the plate and t 0 is the characteristic decay time for the pulse [32] . The total impulse is defined as:
The blast parameters used in this study are shown in Table 3 and were taken from [32] . In the regions of the top surface subjected to non-uniform blast load ( Fig. 1(a) and 1(b) ), the pressure was applied to each element using the *DLOAD option [20] . 
Finite element simulation
Finite element models for both nacre-like and bulk plates were constructed and mesh sensitivity analysis was carried out in this Section. Figure 1 shows the 3D finite element mesh of the 5.4-mm thick nacre-like plate, which comprised reducedintegration linear hexahedral elements (C3D8R) for the solid layers, and user-defined elements (UEL) for the cohesive interface between layers ( Fig. 1(c) ). The cohesive interface was geometrically modelled as a finite-thickness layer. These interface elements are 0.05-mm thick and have shared nodes with the adjacent solid elements. The central area of the plate (40 × 40 mm 2 ) had an average element size of 0.36×0.36×0.36 mm 3 as illustrated in Fig. 1 . The in-plane mesh was then skewed to be coarser towards the edge boundaries. Mesh sensitivity studies showed that this level of refinement was sufficient to obtain a satisfactory converged solution. This is in agreement with the mesh sensitivity studies performed for a similar system [33] . The number of elements for each solid layer and cohesive interface layer were 371712 and 123904, respectively.
A mesh sensitivity analysis was carried out for the 5.4-mm thick bulk plate using a localised pressure pulse of I=7. Figure 3 shows the predicted maximum deflection and maximum velocity of the plate back face using different numbers of throughthickness elements. The difference between the results with 10 and 20 through-thickness elements is less than 1%. It is noted that if cracking occurs in the back face due to large loads; the crack length could be underestimated for coarser mesh if the analysis is performed beyond certain level of damage. This can be seen in Fig. 4 . For a 5.4-mm thick plate under an impulse of I=7.74 Ns, the crack length is similar for the intermediate and small meshes; however, the size of the crack is underestimated for the coarse mesh. Moreover, it is clear from Fig. 4 that the position and shape of the crack converge, as the mesh size is refined. Based on this analysis, an intermediate mesh size of 0.36×0.36×0.36 mm 3 was deemed sufficient for convergence and used throughout in this work to increase the computational efficiency. Figure 5 (a) and 5(b) show the deflection-time histories and velocity-time histories of centre (midspan) of the back face of the 3.3-mm thick plate subjected to an impulsive load of 4 Ns. It can be seen in Fig. 5(a) that after an initial maximum deflection (t<0.5 ms) the plate deflection starts to oscillate and decreases gradually after each cycle. It is expected that the residual deflection is the average deflection after three more cycles following unloading [34] . Figure 5(b) shows that a peak velocity is reached at t<0.025 ms, which corresponds to the time when most of the loading energy has been transferred to the plate. For this particular case, a significant reduction of the maximum velocity is observed for the nacre-like plate when compared to the bulk plate. Figure 5 (c) and 5(d) show the deflection-time histories and velocity-time histories of the centre of the back face of the 5.4-mm thick plate subjected to an impulsive load of 8 Ns. It can be seen in Fig. 5(c) that the deflection of the plate follows a trend similar to that observed in the 3.3-mm thick plate: after an initial maximum peak, the deflection starts to oscillate and reduces gradually with time. Figure  5(d) shows that for the 5.4-mm thick plates the maximum velocity of the nacre-like plate is similar to that of the bulk plate. Figure 6 plots the maximum deflection D max and maximum velocity V max of the centre of the back face against the magnitude of impulsive loading for different plate configurations and thicknesses. It can be seen that for plate thickness of 3.3 mm, the nacre-like plate performed better by allowing a reduction of 16.6% in D max and 18.1% in V max for an impulsive load of 5 Ns when compared to the bulk plate (crack initiation is observed in the bulk plate in that case). In addition, the nacre-like plate was capable to withstand higher loading (up to 34% higher than that for the bulk plate) before crack initiation was observed in the back face. The advantage of reducing V max is the reduction of kinetic energy of flying fragments that could be generated due to fracture of the back face subjected to localised deformation. For the 5.4-mm thick plates, D max and V max are similar in magnitude for both nacre-like plates and bulk plates until crack initiation is observed in the bulk plate. It was observed that before crack initiation the nacre-like plate could withstand loads up to 29.7% higher than that of the bulk plate. Figure 7 shows the deformation process of 3.3-mm thick bulk and nacre-like plates subjected to an impulsive load of 5 Ns. It can be seen that in the bulk plate (Fig  7(a) ), the area of higher magnitude of plastic deformation (PEEQ) is very localized and it accumulates at the mid-span of the back face. This eventually leads to crack initiation. For the nacrelike plate, the area of plastic deformation is more globalised and distributed across the three layers (Fig 7(b) ). This can be explained by the fact that for the bulk plate, blast energy is mainly dissipated by bending and plastic deformation while for the nacre-like plate, besides bending and plastic deformation, layers interlocking and delamination also contribute to energy dissipation. The interlocking mechanism due to the layer waviness can be seen in Fig. 8 , which shows contour plots of the shear stress in the 3.3-mm thick plates. For the bulk plate (Fig. 8(a) ), the shear stress distribution is similar to that of a plate under bending. However, for the nacre-like plate (Fig. 8(b) ) shear stress concentrations can be seen along the interfaces due to the layer waviness. This is similar to the stress concentrations found in the natural nacre material subjected to tensile loading [13] . Figure 9 shows the deformation process of 5.4-mm thick bulk and nacre-like plates subjected to an impulsive load of 8 Ns. Similarly to the 3.3-mm bulk plate, in the 5.4-mm thick bulk plate plastic deformation is localized at the mid-span of the back face, which eventually leads to crack initiation. For the nacre-like plate, the area of plastic deformation is distributed across five layers and the magnitude of plastic deformation is much lower, due to the fact that part of the blast energy has been dissipated through delamination and then friction between interlocked layers (Fig 9(b) ).
RESULTS AND DISCUSSION
Blast performance
The energy imparted by the applied impulsive load to the plates is converted to kinetic and strain energies. Strain energy is either dissipated by plastic deformation, damage and friction or stored in the material [35] . Figure 10 shows time histories of the kinetic and strain energies for the 3.3-mm thick plates ( Fig. 10(a) ) and 5.4-mm thick plates ( Fig. 10(b) ). A reduction of the peak kinetic energy is observed for both 3.3-mm and 5.4-mm thick nacre-like plates when compared to their bulk counterparts. This explains the observed lower peak velocities of the centre of the back face in the nacre-like plates. The strain energy at the moment of maximum deflection is smaller for the nacrelike plates than that of the bulk plates. This is explained by the fact that in the nacre-like plates, strain energy is not only dissipated by plastic deformation but also by delamination of layers, followed by friction between them.
The numerical results show that a better blast performance is observed for the nacre-like plates when compared to the bulk plates of same thickness. This better performance is measured in terms of the reduction in both the peak velocity and maximum deflection of the centre of back face for the 3.3-mm thick nacre-like plate, in addition to the increase of the load required to initiate cracking for both 3.3 and 5.5-mm thick nacre-like plates. These findings show that nacre-like plates can potentially reduce the threat of high velocity flying fragments at the back face that could be generated due to localised blast loading at the front face. This is achieved by the waviness of bonded layers that leads to the absorption of blast energy through delamination and friction, in addition to plastic deformation of layers. This is the key to reducing kinetic energy and/or increasing the blast resistance of the nacre-like plates. The numerical model developed in this research could be used for the design of experimental testing by reducing the number of necessary tests and minimising necessary resources. We also acknowledge that more research has to be carried out to further support the findings in this study and to fully understand these types of bioinspired composite plates against blast loading since there have been few studies addressing these issues. In particular, for the experimental validation, nacrelike composites are the subject of our ongoing study and three-dimensional printing techniques could be employed to obtain nacre-like plates with wavy layering for high strain-rate tests.
SUMMARY AND CONCLUSIONS
A numerical investigation of the blast performance of bioinspired nacre-like plates and bulk plates was conducted. The composite, inspired by the hierarchical structure of nacre, was made of wavy layers of aluminium alloy AA 7075 bonded with toughened epoxy resin. The epoxy material was modelled using a user-defined interface cohesive element with both strength and toughness enhancements under compression, compared to their tensile counterparts. Composite and bulk plates with thicknesses of 3.3-mm and 5.4-mm were studied. A performance improvement compared to bulk plates was recorded for the nacre-like plates, which required larger loads to reach the onset of failure when compared to the same thickness bulk plate. In addition, a reduction of the peak velocity and maximum deflection of the back face was significantly observed for the 3.3-mm thick nacre-like plates. This better performance of the nacre-like plates is explained by the hierarchical structure facilitating a globalized energy absorption by inter-layered interlocking and delamination. It is concluded that the proposed bioinspired nacre-like plates are an interesting option for protective structures against localised blast loads. Further numerical and experimental works are still needed to reinforce and further support the findings in this study.
